Cataract is the most common cause of blindness but is at least curable by surgery. Unfortunately, many patients gradually develop the complication of posterior capsule opacification (PCO) or secondary cataract. This arises from stimulated cell growth within the lens capsule and can greatly impair vision. It is not fully understood why residual lens epithelial cell growth occurs after surgery. We propose and show that cataract surgery might remove an important inhibitory factor for lens cell growth, namely electric fields. The lens generates a unique pattern of electric currents constantly flowing out from the equator and entering the anterior and posterior poles. We show here that cutting and removing part of the anterior capsule as in cataract surgery significantly decreases the equatorial outward electric currents. Application of electric fields in culture inhibits proliferation of human lens epithelial cells. This inhibitory effect is likely to be mediated through a cell cycle control mechanism that decreases entry of cells into S phase from G1 phase by decreasing the G1-specific cell cycle protein cyclin E and increasing the cyclin-Cdk complex inhibitor p27 kip1 . Capsulorrhexis in vivo, which reduced endogenous lens electric fields, significantly increased LEC growth. This, together with our previous findings that electric fields have significant effects on the direction of lens cell migration, points to a controlling mechanism for the aberrant cell growth in posterior capsule opacification. A novel approach to control growth of lens epithelial cells using electric fields combined with other controlling mechanisms may be more effective in the prevention and treatment of this common complication of cataract surgery.
itself (8) . Extensive experimental and clinical studies have been performed on this topic. They have led to a better understanding of the pathogenesis of PCO and to the development of strategies to prevent the condition. Introduction of re-designed intraocular lenses composed of new materials has decreased the rate of PCO significantly. However, even in those reports, about one-fifth of patients still require YAG laser capsulotomy (9) . Therefore, a better understanding of PCO and an effective method for preventing it are still very much needed (10) .
Posterior capsule opacification arises from migration and proliferation of residual lens epithelial cells (LEC) within the capsular bag after surgery. Aberrant proliferation and migration of LECs are important cellular mechanisms underlying the development of PCO (2, 11) . Residual LECs residing in the equatorial region after surgery proliferate and grow onto the anterior capsule, the intraocular lens surface, and, most importantly, over the previously cell-free posterior capsule, which encroaches on the visual axis. This causes scattering of light, and eventually vision is seriously impaired and corrective surgery is required. Using a human lens capsular bag culture system, Duncan et al (11) confirmed that cells from a wide age range of donors proliferate in the absence of added serum protein, demonstrating why PCO is such a common problem. Despite extensive studies on migration and proliferation of LECs, the mechanisms underlying stimulated aberrant growth of lens cells after surgery are not fully understood. Current techniques of cataract surgery involve the removal of a large part of the anterior capsule (capsulorrhexis) with subsequent chemical and biochemical changes locally, which have profound effects on the proliferation, migration, and transdifferentiation of the remaining lens epithelial cells (12) . It also generates space for remaining lens cells to grow.
We propose an additional possibility, namely endogenous lens electric currents, in the control of LEC proliferation. Absence or disturbance of lens electric currents may contribute to aberrant growth of LECs. The normal lens generates a unique pattern of electric current around itself (13, 14; Fig. 1A ). Electrical currents carried largely by K + ions flow out at the lens equator, where cells proliferate, differentiate, and migrate. The currents re-enter the lens at the anterior and posterior poles. Using vibrating probe techniques, we show here that removal of part of the anterior capsule by doing a capsulorrhexis induces significant changes in the pattern of lens electric currents and renders equatorial electric currents to near zero. The presence of electric fields significantly inhibits proliferation of human LECs. This inhibitory effect is likely to be mediated through a cell cycle control mechanism that decreases entry of cells into S-phase from G1-phase. This, together with our previous findings that electric fields have significant effects on directed lens cell migration (15) (16) (17) , points to a possible new controlling mechanism for the migration and proliferation of LECs. A novel approach to control both proliferation and migration of LECs using electric fields combined with other regulatory mechanisms may be more effective in the prevention and treatment of PCO.
MATERIALS AND METHODS

Surgical procedure
Adult rats (Sprague Dawley) were used. The surgery was performed under general anesthesia, using ketamine hydrochloride (60 mg/kg, Vetalar™, Pharmacia & Upjohn Ltd, UK) and xylazine (5 mg/kg. Rompum®, Bayer, Germany) intraperitoneally. Pupils were dilated using 1% tropicamide and 2.5% phenylephrine (Chauvin, Essex, England). In one group of animals, the surgery was performed as previously described (18) . In brief, a corneal incision was made, followed by the injection of 1% sodium hyaluronate in the anterior chamber. The corneal incision was extended to about 120-180 degrees. Then, a continuous curvilinear capsulorrhexis with removal of most of the anterior capsule was performed. This was followed by hydrodissection and lens removal. Saline solution was then injected into the capsular bag to ensure adequate removal of all lens material. Sodium hyaluronate was then injected into the anterior chamber. The corneal wounds were sutured with interrupted 11-0 nylon sutures. Three animals at each time point: immediately after surgery, 6 h, 24h, 3 days, and 7 days after surgery were killed humanely by CO 2 and cervical dislocation. The eyes were used for histological examination.
Lenses from five animals (five eyes) immediately after the surgery as above were used for lens electrical current measurement with cornea and iris removed and the lens in situ (Fig. 1B) . In three animals (five eyes), eyes were enucleated and the lens was removed from the eye. Then, a "smile-shaped" anterior capsulotomy without removal of capsule was performed in the superior aspect of the lens, prior to measuring lens equatorial electrical currents (Fig. 1E ).
Lens current measurement
Microelectrodes, insulated with parylene except for the tip (3 µm) (WPI, Sarasota, FL), were used for vibrating probe measurement. Electrodes were cut to 25 mm with ~5 mm of insulation at the cut end scraped off and mounted in gold R-30 connectors (Vibrating Probe Company, Davis, CA). The exposed tip of the electrode was plated with gold and platinum until the desired tip size was attained (usually ~30 µm). Probes were vibrated at an amplitude approximately equal to twice the tip diameter using a piezo-electric bender controlled by a probe vibrator power supply, Model N-802 (Vibrating Probe Company). The frequency of vibration was set at 10 Hz above the resonant frequency of each probe. The output from the vibrating probe was analyzed by a two-phase lock-in analyzer (model 5208; EG&G Princeton Applied Research) and stored on a personal computer using Strathclyde Electrophysiology Software Whole Cell Electrophysiology Program (WCP V1.7b; John Dempster, Department of Physiology and Pharmacology, University of Strathclyde, Glasgow, UK). Immediately prior to use, the probe was calibrated in a chamber designed to apply a current of exactly 1.5 µA/cm 2 Measurements were made in ATS at room temperature with the probe approximately 50 µm from the surface of the freshly isolated eyes or lenses. The probe was orientated parallel to the surface of the lens so that the direction of vibration (and therefore direction of flow of current measured) was perpendicular. Measurements were made at four positions (approximately 0.5 mm apart) across the surface in the lenses after capsulorrhexis (Fig. 1B) and at the equators after capsulotomy (Fig. 1D) .
Cell culture and electric field application
A human lens epithelial cell line (LEC; kind gift from Venkat N Reddy) was used (19) . LECs from the same passage (passage 88) were used for each experiment. Cells were grown on Falcon tissue culture dishes in DMEM with 12.5% FBS, L-glutamine 0.04 mM, penicillin 100 i.u./ml, streptomycin 100 µg/ml, fungizone 2.5 µg/ml in CO 2 incubator. Cells at the density of 5 × 10 4 cells/cm 2 were seeded in a specially made trough as described (20) . Cells were incubated for 24 h, before the experiment, a roof of coverglass was added to the shallow culture trough and sealed with silicone grease to form the experimental chamber (with dimensions of 22mm×10mm×0.2mm), through which electric current was passed.
Electric fields (EFs) were applied to LECs as previously described (20) . Additionally, a glass chamber containing 1 ml of medium (15mm×15mm×5mm) was added to each end of the experimental chamber. Agar-salt bridges 15 cm long were used to connect silver/silver chloride electrodes in salt solution to the pools of culture medium at either side of the chamber. EF of 200 mV/mm was used. Field strengths were measured periodically. No significant fluctuation in field strength was observed. Prior to field application, fresh culture medium was exchanged into the culture chambers. Culture medium was refreshed every 4 h. This minimized possible changes in the medium during EF exposure, such as fluctuation in pH. Control cultures were treated identically, but the EF was not switched on.
Quantification of cell proliferation
Serial images of contiguous visual fields were captured immediately before EF application and at 24 and 48 h after EF exposure using an image analyzer (Leica, Q500MC, Cambridge, UK). Cell proliferation was quantified as: cell density, cell growth rate, and mitosis index. The cell number and cell density (cell number/cm 2 ) in each image were counted, and mean cell density was calculated. Cell growth rates were calculated at 24 and 48 h, as [(Ni − N0)/N0]X100%, where N0 was the initial cell number before EF exposure (0 h time point) and Ni was the cell number at 24 and 48 h in EFs. At 12 and 24 h after onset of EFs, cells were fixed with 4% formaldehyde, permeabilized with 0.1% Triton X-100, and stained with an anti-α-tubulin antibody conjugated to FITC (1:50 dilution; Sigma). Images were acquired with a Bio-Rad MRC-1024 laser scanning confocal microscope. The numbers of cells in mitotic phase and interphase were counted, and the mitosis index (the proportion of mitotic cells per 1000 cells) was calculated.
Cell cycle control analysis
The cell cycle progression and control were analyzed with flow cytometry and with Western blot of selected cell cycle regulating proteins as reported (21; FACSscan, Belton Dickinson). At 24 h in EF, LECs were rinsed with PBS, digested with 0.25% trypsin/0.05% EDTA, collected by centrifuging at a concentration of 1 × 10 6 cells/tube, fixed with 70% ethanol at -20 °C for 1 h and permeabilized with 0.1% Triton X-100 in PBS for 5 min. Cells were stained with 20 µg of propidium iodide in 1 ml of FACS buffer containing 20 µg of DNase-free RNase for 30 min, then centrifuged and re-suspended in 0.5 ml of FACS buffer for DNA content analysis. Data were analyzed using Cellquest software. A total of 10,000 events were counted. The expression of cyclin E, cyclin-dependent kinase (Cdk2), and the cyclin/Cdk inhibitor p27 kip1 were assessed by Western blot analysis. Monoclonal antibodies to cyclin E and anti-p27 kip1 and polyclonal antibodies to Cdk2 were from BD Pharmingen. Anti-rabbit and anti-mouse secondary antibodies with horseradish peroxidase (HRP) were from Promega.
Statistical analysis was performed using unpaired, two-tailed Student's t-test, or Welch's unpaired t-test when standard deviations were significantly different from each other. Data are expressed as mean ± SEM, unless stated otherwise. A χ 2 test was used in the comparison of mitotic indexes.
RESULTS
Removal of part of the anterior capsule disrupts lens electric currents
Using vibrating probe techniques, we have shown that removal of a large part of the anterior capsule (capsulorrhexis) induced significant changes in lens electric current pattern. Normal lenses had a small inward current across the anterior surface (0.22-0.38 µA/cm 2 ; Fig. 1C ). Removal of part of the anterior capsule and the lens nucleus resulted in larger outward currents (1.8-2.6 µA/cm 2 ; Fig. 1C) . The difference was highly significant (P<0.004).
The equatorial electrical currents could not be measured in situ due to other tissues preventing the access of the vibrating probe. We therefore measured equatorial currents in isolated lenses. A small cut (capsulotomy) ~1 mm in length significantly decreased the equatorial outward currents to 56% of its original size ( Fig. 1F; 
Electric fields inhibit proliferation of lens epithelial cells
In control cultures (no EF exposure), the density of lens epithelial cells increased steadily with time ( Fig. 2A, upper panels) . However, when cultured in electric fields the density of LECs increased only marginally over the 48 h period (Fig. 2A, lower panels; Fig. 2B ). Using the same field, time-lapse imaging showed significant qualitative ( Fig. 2A ) and quantitative differences (Fig. 2B) between control cultures and cells cultured in an electric field. This field exposure also reduced the mean cell growth rate of LECs (Fig. 2C) .
We further investigated the proliferation using a quantitative measure, the mitotic index. The mitotic index of LECs decreased significantly following EF exposure. Mitotic indices of EFexposed cells were 0.68% (12 h) and 0.48% (24 h), respectively. These are significantly lower than the mitotic indices of 2.01% (12 h) and 2.24% (24 h) in control culture (P<0.02 and P<0.01, respectively). There was no significant difference in the mitotic indices between 12 and 24 h EFexposed LECs.
Electric fields induce cell cycle arrest
Flow cytometry showed that the EF exposure inhibited cell cycle progression through the G1/S transition. Compared with control cells, the percentage of the cell population in the S-and G2/Mphases in EF-exposed cells decreased significantly, while the percent of the cell population in the G1 phase increased significantly (Fig. 3A, B) . In addition, a sub-G1 peak, which indicates apoptosis was not found on the DNA content histogram in EF-exposed LECs (Fig. 3A, B) . Thus, EF-induced inhibition of LEC proliferation resulted from cell cycle arrest, or G1 block, and was not due to increased apoptosis.
Electric fields control expression of cell cycle regulators
Western blot analysis of the expression levels of selected key cell cycle regulatory molecules showed that, compared to control, EF exposure induced a significant decrease in the expression of cyclin E, but this field exposure did not influence expression of Cdk2. In contrast the EF exposure increased significantly the expression of p27 kip1 , an inhibitor of the cyclin E/Cdk2 complex (Fig. 3C) .
In vivo capsulorrhexis induces irregular proliferation of lens epithelial cells
We have shown that immediately after extracapsular lens extraction using continuous curvilinear capsulorrhexis, only LECs under the anterior lens capsule and at the lens bow remained in the capsular bag ( Fig. 4A; 18 ). However, 24 h after surgery, LEC proliferation was evident and appeared to be maximal only three days following the procedure. At the center of the capsular bag, where no anterior lens capsule was present, irregular proliferation of LECs and capsular wrinkling were also noted (Fig. 4C ). Early fiber differentiation was remarkably evident one week after capsulorrhexis, and cataract surgery (Fig. 4D ).
DISCUSSION
One of the remarkable physiological characteristics of the ocular lens is that it has a unique pattern of circulating electric current (13, 14, 22, 23, 24; Fig. 1A ). It has been proposed that circulating currents serve as an internal circulatory system for the avascular lens and they seem to be essential to maintain clarity (13) . LECs proliferate and migrate in the constant presence of electric fields (13, 16, 17) . Electric fields (EFs) have been shown to have significant effects on various aspects of cell behavior (25) (26) (27) (28) . Because lens cell proliferation is very important in the etiology of secondary cataract (posterior capsule opacification) and electric currents may be a neglected control mechanism for lens cell proliferation, we studied the effects of the attenuation/absence of electric current on lens cell proliferation, mimicking the clinical situation following cataract surgery. In this report, we show that: 1) removal of part of the anterior capsule and the lens nucleus, as in cataract surgery, significantly changed the electric current profile of the lens, and decreased or removed the equatorial electric currents; 2) exposure to EFs inhibited proliferation of human LECs; 3) EF exposure decreased expression of the G1-specific cell cycle protein cyclin E and increased the expression of the cyclin-Cdk complex inhibitor p27 kip1 . Restoring key electrical features of the lens may contribute to the control of aberrant proliferation and migration of LECs.
Electric currents at the lens and the consequence of anterior capsule damage
The lens epithelium generates a unique pattern of electric current flow (13, 14, (22) (23) (24) . Our current measurements are consistent with previous reports showing that isolated lenses generated electric currents, which exited around the equator and re-entered the lens at the poles. However, the current densities we report here (2-3 µA cm -2 ) are much less than those measured in those previous reports (50-100 µA cm -2 ; 14, 22) . This discrepancy may be due to differences in experimental procedure. In the original work, lenses were allowed to equilibrate overnight after removal and measurements were done at 37 o C; while in the present study, the measurements were done at room temperature on freshly isolated lenses. The small currents that are recorded here are unlikely to produce strengths of 200 mV/mm, which we used in the cell culture system, but the larger currents previously reported by others may produce fields of this magnitude in a very limited spatial dimension.
Capsulectomy/capsulorrhexis disrupts the integrity of the lens capsule. This significantly alters the pattern and magnitude of the lens currents. Our experimental data show a significant leakage of current at the site of the defect (Fig. 1B-D) when the anterior capsule is removed. Even when a small incision was made on the anterior capsule, the outward currents at the equator decreased significantly (Fig. 1E-G) . We show here for the first time how disruption of the anterior capsule alters the endogenous electric currents around the lens.
An applied electric field influences cell proliferation
Endogenous EFs are present in micro-environments where active cell proliferation occurs in vivo, such as in development, wound healing, and abnormal tissue growth (29) (30) (31) (32) (33) (34) . Experimental application of similar EFs has been shown to have a significant influence on cell migration and cell division (15, 26-28, 35, 36) . Electric fields can also affect cell growth depending on the field strengths, the pattern of electric current (e.g., DC vs. AC) and cell types, by either increasing (37) (38) (39) (40) (41) or decreasing (21, (42) (43) (44) (45) cell proliferation. In the present study, an applied DC EF of 200 mV/mm inhibited significantly the proliferation of cultured LECs.
Electric fields inhibit cell proliferation by cell cycle arrest
Despite some studies on the effects of EFs on cell proliferation, the underlying mechanisms are still quite unclear. Many anti-proliferative factors act by triggering apoptosis. But similar to our previous study in vascular endothelial cells (21) , the present study with LECs also did not indicate that the EF-induced inhibition of LEC proliferation was mediated by apoptosis (as shown by the lack of specific sub-G1 peak for apoptosis on the DNA content histogram following cell cycle analysis with flow cytometry). Instead, this inhibitory effect of EF on LEC proliferation also resulted from cell cycle arrest (Fig. 3) .
The G1/S cell cycle checkpoint marks the passage of eukaryotic cells from G1-phase into Sphase. In mammalian cells, many of the signals controlling proliferation act during G1-phase (46) . Here we show that a physiological EF inhibited LEC proliferation by inhibiting cell cycle progression at the G1/S transition, resulting in cell cycle arrest at G1. Cell cycle progression in all eukaryotes is driven by cyclin dependent kinases Cdks and their cyclin partners. Cell proliferation is controlled at specific stages of the cell cycle by various cyclin/Cdk complexes. Cell cycle kinase Cdk2-cyclin E is one of the pivotal regulators for the G1/S cell cycle checkpoint. Cyclin E, a G1-specific cyclin, is a necessary and rate-limiting protein for the passage of mammalian cells through the G1-phase (46) . In EF-exposed LECs, cyclin E levels decreased markedly, but the expression level of Cdk2 did not change. In general, the levels of Cdks are relatively constant throughout the cell cycle, whereas the levels of cyclins vary substantially and the activity of cyclin/Cdk complexes is determined in part by the levels of available cyclins. Without their cyclin partners, the Cdks are inactive (47) . Therefore, reduced expression of cyclin E will inactivate the Cdk2-cyclin E complexes and prevent passage through G1. Many extracellular stimuli exert checkpoint control by inducing members of the Cip/Kip families, such as p27 kip1 (48) . p27 kip1 activity increases in response to growth inhibitory signals (49) . In quiescent cells, the level of p27 kip1 is relatively high. p27 kip1 inhibits the activity of cyclin E/Cdk2 and induces G1 arrest (46) . Inhibition of LEC proliferation by a physiological EF was accompanied by a significant increase in the expression of p27 kip1 . We have shown therefore that the physiological electric fields inhibited proliferation of LECs which was mediated by arresting the cell cycle at G1 phase and preventing the G1/S phase transition, through selective upregulation of p27 kip1 expression and down regulation of cyclin E expression.
Directional and non-directional signals provided by the electric fields
The role of electric fields in generating directional signals for cell guidance and orientation during migration and division has been long proposed and shown in various model systems, mostly in cell culture, (25, 26, 30, 31) but also in vivo (35, 36) . We now present evidence that, apart from the more obvious directional effects on cell behaviors, electric fields in vitro have clear effects on cell proliferation. While the former has a distinctive spatial directional component, the latter has not. The current study, together with our previous report (21) suggests a novel control mechanism that the EFs may impose on cell behaviors, namely non-directional signals as well as the much better studied directional effects.
Electric fields inhibited proliferation of lens epithelial cell in culture. In freshly isolated lenses, and lenses in situ, both incision and excision of the anterior capsule as in cataract surgery induced significant changes in the current around the lens. In vivo experiments demonstrated that these procedures resulted in aberrant growth of lens epithelial cells. These data indicate that electric signals may contribute to the control of both lens cell migration and proliferation. It is not clear how important endogenous electric fields are to lens cell behavior in this respect, nor how electric fields interact with other well-studied control mechanisms, such as biochemical factors (growth factors, hormones, other mediators) and contact cues. However, it is possible that electric fields could be exploited clinically in the treatment of PCO (see next section).
Clinical importance
After in vivo extracapsular lens extraction (ECLE) in rodents, maximal LEC proliferation occurred in the first few days following the procedure, giving rise to PCO (18) . This is the most common complication of modern cataract surgery with intraocular lens implantation (1-4). The mechanisms underpinning PCO are not completely understood. Because cataract surgery completely abolishes the normal EFs in the lens, it is possible that the aberrant proliferation of LECs leading to PCO results, at least partly, from the loss of the regulatory control of endogenous EFs in the lens. Experiments have shown that, in order to nullify net K + currents in the rat lens, a voltage of 86 mV is needed (50) . This voltage, across a normal cuboidal epithelial cells of approximately 20 µm, would give rise to an endogenous electric field of 86 mV/20 µm = 4300 mV/mm. This obviously is an upper limit of the electric fields around the lens. Opening the capsule also increases mitoses in the germinal areas near the equator (51) . Therefore, the disruption of physiological EF after cataract surgery is a strong candidate to contribute to stimulated cell growth after cataract surgery.
Apart from a possible role for the endogenous electric fields in controlling LEC behaviors, exogenously applied electric fields may be exploited in PCO. PCO severely compromises vision in many patients having cataract surgery, but there is as yet no completely effective method for preventing it (10) . It has been shown that the use of an intraocular lens coated with thapsigargin, which kills LECs, prevents PCO ex vivo (11) . Proliferation and directed migration of LECs are key events in PCO. Since an EF can direct the migration of LECs (15, 16) , can prevent the healing of lens epithelial monolayer wounds (17) , and can also inhibit LEC proliferation, it is possible that an applied EF could regulate the behavior of aberrant LECs, which induce PCO. Taken together, these results point to a new possible controlling mechanism for the proliferation of lens epithelial cells. A novel approach to control the behavior of lens epithelial cells using electric fields in combination with other controlling mechanisms may be more effective in the prevention and treatment of PCO. with 12.5% fetal bovine serum and exposed to a dc EF in an incubator (37°C, 5% CO 2 ). Control cells were not exposed to an EF. Cell density (B) and growth rate (C) were reduced after EF exposure of 200 mV/mm. *P<0.01 compared with control. Data are expressed as mean ± SEM and were collected from 52 fields from at least 2 independent experiments. LECs were present only under the anterior lens capsule and at the lens bow (arrowheads), but not on the posterior lens capsule (arrow). B) Six hours after extracapsular lens extraction, some proliferation of LECs at the lens bow was evident (arrow). C) Three days after extracapsular lens extraction, multiple layers of lens epithelial cells were observed at the center of the capsular bag (*), and wrinkling in the posterior capsule was evident (arrows). D) Seven days after extracapsular lens extraction, LEC differentiated into lens fibers at the lens bow (*). Magnification: (A, C, D) ×40; (B) ×20. (H&E staining).
